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Abstract
For affordable high-volume manufacture of sandwich panels with complex curvature and varying thickness, fabric skins and a
core structure are simultaneously press-formed using a set of matched tools. A finite-element-based process simulation was
developed, which takes into account shearing of the reinforcement skins, multi-axial deformation of the core structure, and
friction at the interfaces. Meso-scale sandwich models, based on measured properties of the honeycomb cell walls, indicate that
panels deform primarily in bending if out-of-plane movement of the core is unconstrained, while local through-thickness
crushing of the core is more important in the presence of stronger constraints. As computational costs for meso-scale models
are high, a complementary macro-scale model was developed for simulation of larger components. This is based on experimen-
tally determined homogenised properties of the honeycomb core. The macro-scale model was employed to analyse forming of a
generic component. Simulations predicted the poor localised conformity of the sandwich to the tool, as observed on a physical
component. It was also predicted accurately that fibre shear angles in the skins are below the critical angle for onset of fabric
wrinkling.
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Introduction
Composite sandwich panels offer high specific bending stiff-
ness, delivering opportunities for lightweight design.
However, sandwich components of complex shapes can be
costly to manufacture, as machining operations on the core
are required in addition to moulding processes for the skins.
In well-established high-volume applications, such as
lightweight automotive interior load floor components, a com-
paratively low-cost composite sandwich is manufactured by
pressing the core material into shape simultaneously with the
skins, in a single forming operation. While the forming pro-
cess causes local buckling or crushing of the core structure,
the mechanical performance of the finished component has
been found sufficient for this type of application [1–7].
Typical material combinations for press-formed sandwich
structures include glass fibre composite skins, usually made
from chopped strand mat with fibre lengths greater than
25 mm, hexagonal paper cores and polyurethane foaming res-
in. The reinforcement in the skins is wet out with the resin. As
the resin expands during cure, it partially fills the open cells of
the core (at the interface with the skins), which allows strong
bonds between the core and skins to develop. Variants of this
process exist, using different types of cores and carbon fibre
textile skins, for higher structural requirements.
During manufacture of panels with variable cross-
sections and complex curvature, the core can be subject-
ed to multi-axial deformation modes including in-plane
tension, compression and shear, as well as through-
thickness compression and out-of-plane bending [8–10].
Simultaneously, the reinforcement skins are subjected to
in-plane shear and out-of-plane bending while the fabric
is formed. There may also be relative movement be-
tween the core and the skins during forming. Typical
issues occurring in the process are wrinkling of the
skins due to local fibre buckling, tearing of the core
due to excessive in-plane stresses, and poor conformity
of the sandwich assembly to the tool surfaces due to
low through-thickness stiffness of the crushed core.
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The application of simulation techniques facilitates
assessing the feasibility of the process prior to implementa-
tion. However, a modelling approach to capture forming in-
duced issues and to enable optimisation of process parameters
does not currently exist. Almost all available modelling tech-
niques address sandwich load-carrying capability including
damage prediction [11–14]. A model would be required for
simulation of the sandwich forming process in order to predict
forming-induced defects. While through-thickness crushing
of the honeycomb core is considered a failure mode in struc-
tural engineering [15–17], it is a forming mechanism in com-
ponent manufacture. Also, existing finite element (FE)models
are developed for sandwich structures where the skins are
bonded to the core which is essential for load transfer
[18–20]. However, the forming process relies on relative slip-
page between skins and core. Hence, core-skin adhesion is not
an issue here.
A complete process model requires integration of three
concurrent effects: forming of the reinforcement skins,
multi-axial deformation of the core structure, and frictional
effects (tool-reinforcement and reinforcement-core). High-
fidelity predictive modelling of reinforcement forming
(draping) is well advanced. Typically, woven and non-crimp
fabrics can be modelled using a non-orthogonal constitutive
model, incorporating multiple plies and frictional effects
[21–32]. The multi-axial deformation behaviour of the core
is complex, requiring a material model that reflects the
forming characteristics arising from the distortion of the cel-
lular structure and through-thickness crushing of the core,
resulting from inelastic buckling and folding of the cell walls.
The core structure can be modelled in detail at the meso-scale
using shell elements to represent the cell walls at an appropri-
ate mesh density to capture the inelastic crushing process.
However, this approach is not feasible for component-scale
models, as a large number of finite elements would be re-
quired, which would result in long CPU times.
As an alternative, macro-scale models for the core material
can be developed, which are based on volumetric finite ele-
ments and homogenisation of the core structure to obtain ef-
fective mechanical properties. These can reduce the overall
number of degrees of freedom in the model and minimise the
risk of numerical instability. A disadvantage of this approach is
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Fig. 2 Shear resistance curves for
NCF used in skins; derived from
picture frame shear testing. [24]
Fig. 1 Sandwich panel construction as used in present work
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that it requires multi-axial, non-linear material properties as
input, which may be hard to characterise experimentally. In
addition, the interaction between skins and core is complex.
The present work aims to develop a non-linear explicit FE
model of the sandwich panel forming process and to validate it
against experimental studies, including a full-scale technology
demonstrator.
Sandwich structure
Geometry
As shown in Fig. 1, sandwich panels discussed in this paper are
constructed from two outer composite skins and a hexagonal
honeycomb core, which is made from low-cost recycled card-
board. The low density of the porous core, compared to the
composite skins, results in a significant weight-saving compared
to a monolithic composite panel of the same bending stiffness.
Crushing the core allows geometrically complex sandwich
panels with locally varying thickness to be produced, without
the need to pre-machine the core to the desired shape.
Reinforcement fabric skin
The two skins are made from FCIM359 biaxial carbon fibre
non-crimp fabric (NCF), supplied by Hexcel, Leicester, UK.
Each ply is 0.4 mm thick and consists of 440 gsm of carbon
fibre in 24 K tow format. The fibre architecture is ±45° with a
pillar stitch at 0° (in the roll direction). The material shows an
asymmetric shear behaviour (Fig. 2) as a consequence of the
pillar stitch pattern. This has previously been modelled by the
authors using a homogenised non-orthogonal constitutive
model [21–25], which exhibited sufficient fidelity for fabric
forming process modelling and optimisation.
Resin system
The resin is a highly reactive polyurethane system that cures
within 90 s. It is applied to the outer surfaces of the skins prior
to the sandwich assembly being transferred to the forming
tool. During the forming process, the resin is a low viscosity
liquid, which turns into a foam and cures upon application of
heat.
As the resin will only fully penetrate through the skins
as it is heated and expands, there is no resin at the inter-
face between the core and skins during the forming pro-
cess. Hence, the resin has no significant effect on the
relative movement between core and skins. Also, the ef-
fect of the resin on the shear properties of the reinforce-
ment fabric was neglected in the present work, which
enabled an existing validated model of the fabric forming
behaviour to be employed. For frequently employed fab-
ric shear test methods (picture frame or bias extension
testing [33, 34]), the time for set-up and testing is of the
same order as the resin cure time, making testing of wet-
ted fabrics infeasible. Hence, a modification to existing
in-plane shear test methods would be required if the effect
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Fig. 3 Construction and geometry of the honeycomb cellular core
Table 1 Properties of the cell
wall material from experimental
testing
Property Density Young’s modulus Poisson’s ratio Fracture strain
Value 0.74 × 103 kg/m3 0.41 GPa 0.21 0.067
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of resin on fabric shear was to be incorporated in the
model.
Core
The core is manufactured by a well-established process of
adhesively bonding multiple layers of paper and expanding
the lay-up to obtain hexagonal cells with the dimensions indi-
cated in Fig. 3. Here, cardboard paper is used because of its
low cost and low environmental impact.
For geometrical characterisation, the cell dimensions of the
honeycomb core were measured at 5 different positions. The
corresponding average values are indicated in Fig. 3. The prop-
erties of the cardboard material used for manufacture of the core
(cell walls) were assumed to be isotropic. Uniaxial tensile tests
were performed on specimens from flat cardboard using a uni-
versal testingmachine at a strain rate of 0.03 s−1. A 5 kN load cell
and an extensometer were used to measure the tensile force and
the axial strain, respectively. Material properties listed in Table 1
were obtained using average values from five repeats.
Material characterisation
In-plane tensile testing
In-plane tensile tests were performed on the honeycomb
core along the longitudinal and transverse directions as
shown in Fig. 4. Results show that the core exhibits the
same in-plane tensile stiffness (0.2 MPa) in the two test
directions up to ~0.32 effective strain. The longitudinal
tensile modulus (i.e. the slope of the curve) between
0.40 and 0.45 effective strain is ~0.39 MPa, where the
cell walls are generally aligned with the tensile loading
direction. In longitudinal tensile loading, the specimen
debonds from the testing rig at ~0.46 effective strain. In
contrast, damage starts at 0.44 effective strain for the
Longitudinal tensile Transverse tensile 
(a) Tensile tesng setup remove? (b) Tensile behaviour of honeycomb core
0.0 0.2 0.4 0.6 0.8
Effective strain
0.00
0.02
0.04
0.06
0.08
0.10
0.12
E
ff
e
c
ti
v
e
 s
tr
e
s
s
 (
M
P
a
)
Longitudinal tensile test
Transverse tensile test
Fig. 4: In-plane tensile testing of
the honeycomb core.
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Fig. 5 Shear testing of the
honeycomb core
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transverse core specimen and complete failure occurs at
~0.70. There is no significant increase in tensile
modulus in the transverse direction, as debonding oc-
curs at the double-thickness walls (Fig. 3), where
(a) Compression tesng setup (b) Compressive behaviour of the honeycomb core
0 mm 2 mm 4 mm 6 mm 8 mm 
10 mm 12 mm 14 mm 16 mm 18 mm 
(c) Deformaon modes of the honeycomb core at different compression levels
Fig. 6 Through-thickness compression testing of the honeycomb core
(a) Orientaon convenon (b) Average fricon coefficients in different orientaons
Fig. 7 Friction coefficients
between NCF fabric and core. L
and T denote the longitudinal and
the transverse directions of the
core, respectively; Yand S denote
the yarn and the stitch directions
of the NCF on the contact surface;
the pulling direction of the sled is
the reference direction (i.e. 0°); all
of the numbers in these contact
pairing codes are the angles in
degrees with respect to the
reference direction
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adjacent cardboard plies are glued together to produce
the core architecture.
Shear testing
The through-thickness shear behaviour of the honey-
comb core was tested according to ASTM C273
(Fig. 5a). As shown in Fig. 5b, gradients of the stress-
strain curves from three shear tests are consistent, indi-
cating reproducibility of shear moduli derived from the
tests. The average shear modulus is 1.56 MPa. Failure
occurred in the adhesive used to bond the core to the
aluminium tabs during the tests, therefore the peak
stress and strain in Fig. 5 are not representative of the
ultimate values of the core.
Through-thickness compression testing
The honeycomb core was tested in through-thickness compres-
sion according to ASTM C365 (Fig. 6a). In the acquired stress-
strain curves (Fig. 6b), a small linear region is present due to cell
wall bending at low strains. This is followed by a long plateau
region where buckling of the cell walls occurs. Densification
begins after 15 mm of crushing (i.e. 0.75 effective strain). At this
point, the cell structure has fully collapsed (Fig. 6c), causing a
rapid increase in stress with further increase in strain. The 20mm
thick core material characterised here can be compressed to a
final thickness of approximately 2 mm (i.e. 0.90 effective strain).
The crush response of the material was tested at 3 different strain
rates (1 mm/min, 10 mm/min, 50 mm/min). As no significant
difference was observed, it was concluded that the response is
rate insensitive (Fig. 6b).
Friction between materials
The friction between the core and the NCF skins was tested
following ASTM D1894, ISO8295. A 50 mm× 100 mm core
sample was bonded to a moving sled using double-sided adhe-
sive tape, while the NCF used in the skins was bonded to a static
aluminium table. The adhesive tape, NCF and core specimen
were replaced after every test. Friction coefficients were calculat-
ed from the ratio of the tangential (pulling) force and the applied
normal force (10N, corresponding to a normal pressure of 2 kPa)
during relative movement at a constant velocity (100 mm/min).
The average value was calculated from five repeat tests for each
surface pairing [25]. The friction behaviour does not depend on
which face of the NCF is in contact with the honeycomb core, as
the pillar stitch pattern is identical on both faces of the NCF. It
depends on the direction of relative displacement at the interface.
Multiple orientations of NCF and core were tested. As shown in
Fig. 7, the coefficient of friction varies from 0.47 to 0.57 along
different orientations of the core relative to the yarn direction of
the NCF. However, the friction behaviour was assumed to be
isotropic in the simulations, using an average value of 0.52.
While this assumption may affect the precision of the simulation
results, it greatly reduces complexity since it enables the in-built
isotropic Coulomb friction model to be used in Abaqus/Explicit.
Friction coefficients were previously obtained by the authors for
other surface pairings, including 0.23 for tool-fabric contact and
0.36 for tool-core contact [23–25].
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Core modelling
General considerations
The mechanical behaviour of the honeycomb core can
be modelled at multiple scales, as shown in Fig. 8. At
the meso-scale, the architecture of the core can be rep-
resented by a unit cell. The high geometrical fidelity of
this model enables the deformation modes of the core
to be studied in detail, as the mechanical response is
replicated explicitly. However, simulations at this level
of detail are computationally expensive, and conse-
quently the size of the structure that can be analysed
is limited.
Alternatively, the core can be modelled at the macro-
scale, where it is treated as a continuum and the mate-
rial behaviour is homogenised. The macro-scale re-
sponse should be equivalent to the corresponding
meso-scale model in terms of representative overall per-
formance. It is important that the influence of the dif-
ferent deformation modes is captured, such as bending
of the cell walls which contributes to the initial linear
region on the stress strain curve in Fig. 6b. Therefore,
the meso-scale model was employed to identify what
mechanisms of core deformation (such as cell wall
bending, cell wall buckling and densification in Fig. 6)
occur during sandwich forming. These mechanisms were
then correlated with suitable macro-scale indicators
(such as effective through-thickness strain) for
formability.
The honeycomb core was constructed from a series of
shell elements at the meso-scale (S4R in Abaqus/Explicit)
or continuum brick elements (C3D8R in Abaqus/Explicit)
following homogenisation at the macro-scale. Since the
walls of the honeycomb core (properties as listed in
Table 1) are perpendicular to the rigid surface in compres-
sion, unrealistically high stress concentrations and contact
penetration occurred when the load was directly applied
to the meso-scale model. Consequently, the simulation
failed to converge (Table 2). Two methods were intro-
duced to refine the contact behaviour to improve numer-
ical stability, by increasing the surface area of the core
material in contact with the tool and hence reducing local
stresses. For the first method, dummy flanges were added
to the free edges of each cell wall. These were assigned a
much lower stiffness than the wall material, i.e. less than
1.0% (Table 3), to limit their influence on the overall cell
response. The second method used a dummy infill mate-
rial to occupy the cell pores. The honeycomb structure
was embedded in to a so l id vo lume us ing the
*EMBEDDED ELEMENT command in Abaqus/Explicit.
Thus, contact with the skins was initiated at the solid
surfaces rather than the edges of the corresponding cell
walls. The infill material had the same overall dimensions
as the representative volume and the material properties
were 1.0% of the homogenised core material (Table 3). A
small fracture strain (0.010) was assigned for element de-
letion to minimise additional resistance to buckling. As
shown in Table 2, both methods facilitate numerical con-
vergence for meso-scale models, resulting in realistic de-
formation modes during through-thickness compression.
Moreover, effective stress-strain curves (Fig. 9) were ob-
tained from through-thickness compression simulations
using these meso-scale models. The results imply that
predicted effective material properties are consistent with
experimental data. The shape of the stress-strain curves
indicates that the introduction of the dummy flanges or
the infill material does not significantly influence the ef-
fective compressive behaviour of the core, but is suitable
to overcome the difficulty with convergence of the origi-
nal meso-scale model.
At the macro-scale, the core was modelled using a
crushable foam model available in Abaqus/Explicit [35],
which is suitable for modelling buckling of cell walls in
compression. The macro-scale model only replicates the
equivalent behaviour of the homogenised continuum and
does not indicate detailed deformation behaviour.
Experimentally determined data for the properties of the
honeycomb core in though-thickness and in-plane load-
ings (Sections 3.1 to 3.3) were used as inputs for the
Fig. 9 Effective stress-strain curves from through-thickness compression
simulation using different core models against experiment
Table 3 Material properties of dummy materials used in meso-scale
models
Material Dummy flange Dummy infill material
Density 0.74 × 103 kg/m3 0.05 × 103 kg/m3
Young’s modulus 0.004 GPa 0.0003 GPa
Poisson’s ratio 0.21 0.0
Fracture strain 0.067 0.010
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macro-scale model. Comparison of the overall averaged
response in compression (Fig. 9) shows that the stress-
strain curve for the macro-scale model is representative
of those determined experimentally and from the meso-
scale models. The RMSE (Root Mean Square Error) of
the simulated stress-strain curve from the macro-scale
model is less than 5% compared to the experimental
curve, indicating adequate agreement. The in-plane be-
haviour of the core is less important, as the forming be-
haviour of the sandwich assembly is dominated by the
properties of the fabric skins. As shown in Table 2,
macro-scale models take much less time to converge than
equivalent meso-scale models.
Core bending
The meso-scale model was employed to investigate
which mechanisms are relevant for different scenarios
of forming a core with complex curvature. A hemi-
spherical punch with 100 mm diameter was used in
combination with a die with 144 mm diameter, as
shown in Fig. 10. All parts of the tooling were defined
as rigid bodies, including the punch, the die and the
blank holder. The die and the blank holder were fixed
during forming, while a vertical displacement of the
punch simulated the 50 mm forming stroke. A penalty
contact algorithm was employed to define the interfacial
eliforptuc-noitceSweivtuc-noitceS
(a) Forming without blank holder
eliforptuc-noitceSweivtuc-noitceS
(b) Forming with blank holder
Fig. 11 Comparison of different boundary conditions during hemisphere forming of the core (von Mises stress, scale in Pa)
Fig. 10 Schematic of core
bending model using a
hemispherical tool. The original
dimensions of the core were
300 mm× 300 mm× 20 mm
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behaviour. An isotropic Coulomb friction model was used for
the tool-core contact, using a friction coefficient of 0.36.
In a first simulation, where the blank holder was
omitted, the central area of the core conformed to the
hemisphere (Fig. 11). Permanent through-thickness de-
formation (i.e. crushing) was limited, since the core
was able to deform out-of-plane due to lack of con-
straints in regions around the perimeter. Results indicate
Secon-cut view 
Secon profile
(a) Simulaon
Formed configuraon
Forming test Secon-cut view
(b) Experiment
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Fig. 12 Meso-scale analysis of
local crushing core to produce
different local thicknesses (von
Mises stress, scale in Pa)
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Fig. 13 Schematic of a FE model
of forming a generic component.
The longitudinal direction of the
panel is along the x-axis, while
the transverse direction is along
the y-axis
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that, for this scenario, the formability of a core with
complex curvature is primarily derived from core bend-
ing at minimum local core compression.
The forming simulation was repeated with a blank holder
to apply additional constraints during forming of the hemi-
sphere. As shown in Fig. 11, the shape of the formed hemi-
sphere is more defined when using a blank holder, as large
out-of-plane deformation is limited. As a result of the con-
straints on core bending for this scenario, the level of core
crushing increases in areas in contact with the punch during
forming.
Core crushing
A meso-scale model was used to simulate the compressive
response of a cardboard core sample, which had dimensions
of 120 mm × 120 mm × 20 mm. Forming was investigated
using an 80 mm× 80 mm square punch with a fillet (radius
20 mm) at the edges. A 10 mm stroke (i.e. half of the core
thickness) was applied in the thickness direction. The core
was compressed against a flat plate, where all tools were
modelled as rigid bodies.
As shown in Fig. 12, the cell walls buckle or fold around
the compression surface, which has a negligible effect on the
core material outside the punch area. Crushing starts at the top
of the specimen in contact with the punch surface and propa-
gates through the thickness towards the base of the specimen.
Minimal crushing can be observed at the bottom surface. The
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Fig. 14 Shape optimisation for
sandwich panel forming. NE,
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simulation results are in good agreement with the deformation
modes exhibited by test specimens (Fig. 12). These results
show that forming of a core to a shape with variable thickness
is related to core crushing and that in-plane deformation
(draw-in) is negligible due to low in-plane stiffness of the
cellular core.
Demonstrator forming simulation
Macro-scale model for demonstrator
A generic composite component was chosen to demonstrate
the feasibility of forming sandwich panels into complex
curved configurations. As shown in Fig. 13, a set of matched
tools were modelled as rigid bodies, where the lower tool was
fixed and the upper tool was subjected to a displacement in the
z-direction. A single-layer of FCIM359 NCF [24] (at ±45°
relative to the x-axis) was positioned on both the top surface
and bottom surface of the core to form a sandwich.
Shape optimisation
The macro-scale FE model described above was used to opti-
mise the blank shape for the forming process. An initial
forming simulation was run for a rectangular blank of dimen-
sions 720 mm× 590 mm (initial thickness of the core 20 mm,
thickness of the skins 0.4 mm), as illustrated in Fig. 14a. In
total, 9 simulations were performed and excess material out-
side of the final trim line on the formed component was re-
moved iteratively. In each iteration, the fabric blank was
trimmed to the same shape as the core blank.
Forming-induced defects
Physical demonstrator components were manufactured to val-
idate the simulation-based predictions (Fig. 15a). The predict-
ed shear angles in the reinforcement of the sandwich skins
(Fig. 15b) are in the range from −30° to 12°, which does not
exceed the critical shear angles for onset of wrinkling (42° in
positive shear and − 50° in negative shear [23, 25]). Hence,
simulations indicate that no out-of-plane wrinkling occurs in
either of the skins after forming.
As the skins are made from bi-directional NCF, fibres in
only one material direction are visible on each surface of the
sandwich. Therefore, inter-fibre angles or shear angles cannot
be measured, and quantitative comparison with the simulation
results in terms of angles is not possible. However, observa-
tions on the physical component indicate that there is no fabric
wrinkling on the surfaces of the sandwich, which is in agree-
ment with the prediction and implies that the inter-fibre angles
are not in the critical range for wrinkling.
A cross-section of the physical component was taken at an
arbitrary position to identify other forming-induced issues. It
was found that the top edges of the component in the thickest
region, i.e. the edges in the longitudinal direction appearing
dark in Fig. 15a and Fig. 16a, consist of foamed resin only and
do not contain reinforcement. These resin rich regions are
related to bridging of the fabric reinforcement in the concave
regions of the tool. During the forming process, the fabric
skins are highly compressed in the thinnest regions of the
component, i.e. localised friction forces are high. As a result,
high in-plane tensile forces occur in the fabric plies in the
region of lowest material compression. These forces prevent
the fabric from conforming to the tool surface and cause the
core to crush locally, creating gaps along the edges of the
geometry which consequently fill with resin.
(a) Experiment
(b) Simulaon
Fig. 16 Section view of the
sandwich panel from experiment
and simulation
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The simulation results in Figs. 15b and 16b show the
formed sandwich assembly, ignoring the effect of resin expan-
sion and filling of the gaps between the mould surface and
skins. The cross-sectional shape of the sandwich, including
the locally crushed core, was predicted accurately in the sim-
ulations, as shown in Fig. 16. This indicates that the relevant
mechanisms of the forming process are reproduced in the
macro-scale model, proving the suitability of this approach.
Conclusions
To simulate the process of forming sandwich panels comprising
composite skins and honeycomb cores into complex shapes
with variable thickness, FEmodels considering effects of shear-
ing of the reinforcement skins, multi-axial deformation of the
core structure, and frictional effects at the interfaces were de-
veloped. The behaviour of the core was modelled at two differ-
ent scales. Predominant forming mechanisms and limits of
formability were identified for different forming scenarios using
a meso-scale model, which was based on measured properties
of the honeycomb cell walls. Results indicate that the formabil-
ity for sandwich panels with complex curvature is primarily
derived from bending, if the core is free to deform, whereas
local through-thickness crushing of the core becomes more
important in the presence of stronger constraints. As computa-
tional costs are high, meso-scale models are only suitable for
simulations of sandwich panels of limited size. A macro-scale
model was developed for simulation of larger components,
implementing homogenised properties determined from a series
of experiments on the honeycomb structure. Here, mechanical
field variables were used to correlate deformation mechanisms
observed at the meso-scale. Forming of a flat sandwich panel
blank into a generic 3D component was simulated at the macro-
scale. The developed macro-scale FE model was employed to
optimise iteratively the blank shape for net-shape forming. For
the optimum blank shape, predictions from the simulations
were compared with properties of a physical component.
Simulation results were found to be accurate in predicting local-
ised fibre bridging and poor conformity of the sandwich to the
tool as well as fibre shear angles in the skins which are below
the threshold for fabric wrinkling. This validation indicates the
suitability of the proposed modelling approach for industrial
application.
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